In the frame of a systematic study of charged particle production routes of medically relevant radionuclei, the excitation function for indirect production of 178m Ta through nat Hf(α,xn) 178−178m Ta nuclear reaction was measured for the first time up to 40 MeV. In parallel, the side reactions nat Hf(α,x) 179,177,176,175 W, 183,182,178g,177,176,175 Ta, 179m,177m,175 Hf were also assessed. Stacked foil irradiation technique and γ-ray spectrometry were used. New experimental cross section data for the nat Ta(d,xn) 178 W reaction are also reported up to 40 MeV. The measured excitation functions are compared with the results of the ALICE-IPPE, and EMPIRE nuclear reaction model codes and with the TALYS 1.4 based data in the TENDL-2013 library. The thick target yields were deduced and compared with yields of other charged particle ((p,4n), (d,5n) and ( 3 He,x)) production routes for 178 W.
Introduction
Production cross sections of proton induced nuclear reactions on metals are important for many applications and for development of improved nuclear reaction theory. In most applications high intensity, low and high energy direct or secondary proton beams activate technological elements and produce highly active radioproducts. After recognizing the importance of knowledge of production cross sections we concluded that a systematic coordinated experimental and theoretical study is necessary, and we started a set of experiments with a large scope. Our research in connection with the activation cross sections on zirconium is of importance and applies to different projects:
• Preparation of a nuclear database for production of 90 Nb, 95 Nb, 89 Zr, 88 Y medical radioisotopes in the frame of IAEA Coordinated Research Project IAEA, 2001 IAEA, , 2012 IAEA, -2016 88 Zr−→ 88 Y production routes. We have also investigated alternative production * Corresponding author: ditroi@atomki.hu routes of these radio-products on yttrium (Uddin et al., 2007 (Uddin et al., , 2005 .
• Preparation of proton and deuteron activation cross section database for the Fusion Evaluated Nuclear Data Library (IAEA, 2004) .
• Preparation of a database for the Thin Layer Activation (TLA) technique for wear measurement (IAEA-NDS, 2010 ) and every day practice of wear measurement of zirconium alloy samples.
We earlier reported on experimental activation cross section data on Zr targets for deuteron induced reactions up to 50 MeV (Tárkányi et al., 2004 (Tárkányi et al., , 1985 and for proton reactions up to 17 MeV (Al-Abyad et al., 2012) . During the compilation of the experimental data of proton induced activation a large disagreements in the database at higher energies were noted. Hence we decided to extend our investigations up to higher energies and to complete them by testing the prediction capabilities of the widely used TALYS model code.
REVIEW OF EARLIER INVESTIGATIONS

Earlier experimental investigations
The earlier experimental investigations reported in the literature (also from our group) are compiled and shown in Table 1 that includes information on the used target, accelerator, beam monitoring, measurement of the activity, the measured data points, and the covered energy range. According to our tradition we have investigated the earlier experimental results and the theoretical results in detail before new experiments were designed and performed.
Earlier theoretical estimates and systematics
For estimation of production cross sections of proton induced reaction cross sections a few systematic theoretical calculations exist in the TENDL-2013 library (Koning et al., 2012 ) based on TALYS version 1.4 code (Koning et al., 2007) , in the MENDL-2p library ) based on the ALICE-IPPE code , in the publication of Ren et al. up to 200 MeV (Ren et al., 2011) by using the MEND (Cai, 2006) code, and in the publication by Sadeghi et al. and Broeders et al. based on the ALICE/ASH code (Broeders and Konobeyev, 2007; Sadeghi et al., 2011) . Nuclear reaction systematics, semi-empirical formulas are also used for the evaluation of reaction cross-section to supplement to the result of measurements and calculations by theoretical models (Tel et al., 2010) .
Experimental techniques and data evaluation
Experiment
The excitation functions for the nat Zr(p,x) reactions were measured at the cyclotrons of the Vrije Universiteit Brussel (VUB, Brussels, Belgium) and of Tohoku University (CYRIC, Sendai, Japan) using the stacked foil technique. The experimental method used was similar to the techniques used in our numerous earlier investigations of charged particle induced nuclear reactions for different applications. Two stacks were irradiated using the 36 MeV (VUB) and 70 MeV (CYRIC) incident proton energy respectively. In both experiments natural, high purity Zr foils (Goodfellow, 99.98%, thickness 98.42 µm and 103 µm) were assembled together with target foils of other elements for separate investigations and with monitor and degrader foils. The target stack at VUB was composed of Ho (26.2 µm), Zr (98.42 µm), Al degraders (156.56 µm), Pb (15.74 µm) and Ti monitor (12 µm) foils, repeated 12 times. The stack composition at higher energy irradiation at CYRIC: Zr(103 µm), Rh (12.3 µm), Al (520 µmm, degrader, and monitor), Mn(10 µm), Al (520 µm, degrader, and monitor ) and Ag (52 µm), repeated 19 times. The Ti and Al monitors foils were used for determination of beam intensity and energy by re-measuring the excitation function for the nat Ti(p,x) 48 V reaction at VUB and 27 Al(p,x) 22,24 Na reactions at CYRIC over the entire covered energy range. The target stacks were irradiated in a Faraday-cup like target holder. Irradiations took place at beam current of 160 nA for 60 min (VUB) and 24 nA for 30 min (CYRIC) respectively. The gamma activity of the majority of the produced radionuclides was measured with standard high purity Ge detectors coupled to acquisition/analysis software. No chemical separation was performed and the measurements were repeated several times up to several months after EOB. Due to large number of simultaneously irradiated targets and the limited detector capacity the first measurements of the induced activity started on both cases after relatively long cooling times ( VUB:1.5 day, CYRIC: 3 day after EOB).
Data processing
For most of the assessed radionuclides different independent γ-lines are available allowing an internal check of the consistency of the calculated activities. The decay and spectrometric characteristics were taken from the NUDAT2 data base (NuDat, 2014) and are summarized in Table 2 . The cross sections were calculated from the well-known activation formula with measured activity, particle flux and number of target nuclei as input parameters. Some of the radionuclides formed are the result of cumulative processes as decay of metastable states or parent nuclides contribute to the production process. The exact physical situation for the individual studied nuclides will be discussed in the next sections. The particle flux was initially derived through total charge on target by the Faraday cup using a digital integrator. The incident beam energy was determined from the accelerator settings and the mean energy in each foil was calculated by polynomial approximation of Andersen and Ziegler (Andersen and Ziegler, 1977) or calculated with the help of the SRIM code (Ziegler, 2013) . The beam energy and intensity parameters were corrected by taking into account the comparison of the excitation function of natTi(p,x)48V and 27 Al(p,x) 22,24 Na reactions, re-measured over the whole energy domain studied, with the recommended values in the updated version of IAEA-TECDOC 1211 (Fig. 1) . The uncertainty of the incident energy on the first foil in both cases was around ± 0.3 MeV. Taking into account the cumulative effects of possible variation on incident energy and thickness of the Figure 1: The re-measured cross sections of the used monitor reactions 27 Al(p,x) 22,24 Na and nat Ti(p,x) 48 V in comparison with the recommended data different targets, the uncertainty on the median energy in the last foil was around ± 1.2 MeV. The uncertainty on each cross-section was estimated in the standard way (of-Weights-and Measures, 1993) by taking the square root of the sum in quadrature of all individual contributions, supposing equal sensitivities for the different parameters appearing in the formula. The following individual uncertainties are included in the determination of the peak areas including statistical errors (0.1-20 %): the number of target nuclei including non-uniformity (5 %), detector efficiency (5 %) and incident particle intensity (7 %). The total uncertainty of the cross-section values was evaluated to vary from 8 to 14 %, except for few cases where the statistical errors where high.
RESULTS
Cross sections
The Tables 3-5 and are  shown in graphical form in Figures 2-15 for comparison with the earlier experimental data and with the theoretical values taken from the TENDL-2013 online library (Koning et al., 2012) calculated with the 1.4 version of TALYS (Koning et al., 2007) . The contributing reactions and decay processes are presented in Table 2 . The excitation functions are shortly discussed for each activation product separately. The radionuclide 96 Nb (T 1/2 = 23.35 h) can only be produced via the 96 Zr(p,n) reaction. Due to the experimental circumstances we could obtain data only from the high energy irradiation (Fig. 2) 95 Nb only from the low energy irradiation, the 235 keV γ-line of the metastable state could not be separated reliably in our spectra from the high energy experiment. Our results and the data of (Levkovskii, 1991) are in good agreement (Fig. 3) . The data of (Michel et al., 1997) are surprisingly higher by a factor of five. The TENDL-2013 follows the trend of the experimental data but gives lower values.
Cross sections of 95g Nb
The measured cross-sections of the 95g Nb (T 1/2 = 34.991 d) are cumulative, as they are deduced from spectra taken after a cooling time resulting in nearly complete IT decay of 95g Nb (T 1/2 = 86.64 h). The agreement with the earlier experimental data is acceptable for both experiments (Fig. 4) . The results of the nuclear model code TALYS from the TENDL-2013 library are in good agreement with the experiments. (Fig.  6 ). The TENDL-2013 prediction overestimates the experimental data.
4.1.6. Cross sections of 90 Nb The cross-sections for production of 90g Nb (T 1/2 = 14.6 h) obtained in the VUB experiment are shown in Fig. 7 . The cross sections include, apart from the direct production, the contribution through IT decay (100%) of the 18.8 s half-life isomeric state. The agreement with the earlier experimental results is good, except for the data of Blosser and Handley, 1955; Birjukov et al., 1979; Al-Abyad et al., 2012) (Fig. 7) . The TENDL-2013 results are well representing the energy dependence of the contributions of the different reactions and their maximum values. 
Cross sections of
89 Zr The cross sections for 89g Zr (T 1/2 = 78.41 h) production include, apart from the direct (p,pxn) processes on different stable Zr isotopes, also the contributions from the decay of the short-lived metastable parent 89m Zr (T 1/2 = 4.161 min) and the decay of 89 Nb (T 1/2 = 66 min). Our data from both experiments do not support the low cross section values of (Khandaker et al., 2009 ) and the TENDL-2013 predictions near in the 20-30 MeV energy range but are in agreement with the other literature values (Fig. 9 ).
88 Zr The measured cross-sections for 88 Zr (T 1/2 = 83.4 d) production contain the direct formation and contributions from the decay of the two states of the short-lived parent 88m,g Nb (T 1/2 =7.78 min and 14.55 min). Our both experimental data sets support the high maximum as found by (Michel et al., 1997) . The agreement with the TENDL-2013 is acceptable (Fig. 10) . = 56.3 s and 88 s).Our data agree with the experimental data of (Michel et al., 1997) and are lower than the TENDL-2013 results (Fig. 11 ).
Cross sections of 88 Y
The cross sections of 88 Y (T 1/2 = 106.627 d) were obtained from the first spectra measured after EOB in order to minimize the contribution from the decay of the 88 Zr parent nuclide with similar half-life (T 1/2 = 83.4 d). Up to 22-25MeV no contribution from decay (also not from parent 88 Nb). Decay contribution does exist at higher energies. To get independent cross sections, the contribution from the decay of 88 Zr was subtracted based on the measured counts at 393 keV, resulting in corrections on the count rate of the independent 898 keV γ-line. Unfortunately, because of the relative long halflife and the shorter measuring time the 88 Y peak could not be evaluated reliably from the high energy spectra. The agreement is acceptable (Fig. 12) .
Cross sections of 87m Y
The radionuclide 87 Y has a metastable state 87m Y (T 1/2 = 13.37 h) that decays completely to the ground state 87g Y (T 1/2 = 79.8 h). The cross-sections for 87m Y (Fig.13) contain the contributions from both the direct production through (p,2pxn) reactions and the decay of 87g Zr (T 1/2 = 1.68 h, ε = 100 %) that could not be assessed independently. As the reaction with lowest threshold to produce 87 Zr is the 90 Zr(p,p3n) process with a threshold above 33 MeV, the cross sections at low energy are due to emission of clusters (α-particles) in the direct reaction. The results of our two new data sets The cumulative cross sections of 87g Y (T 1/2 = 79.8 h) contain the direct production, the contribution from the decay of 87m Y isomeric state (T 1/2 =13.37 h) and contributions from the decay of parents 87gZr (T 1/2 =1.6 h) and 87m Zr (T 1/2 =14 s, IT: 100 %). The same remark concerning the contributions of clusters and individual nucleons emissions as for 87m Y are valid. The agreement with the earlier experimental data and with 
Integral yields
Thick target yields (integrated yield for a given incident energy down to the reaction threshold) were calcu-
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1.E-01 1.E+00 lated from fitted curves to our experimental cross section data. The results for physical yields (production rates) (Bonardi, 1987) are presented in Figs. 16-18. Some earlier experimental thick target yield data found in the literature are also presented.
Production of medically relevant radioisotopes by charged particle induced reactions on Zr targets
Among the studied activation products the radionuclides 90 Nb, 95 Nb, 89 Zr, 88 Y are of interest in nuclear medicine. The possible production routes for these nuclides using medium energy cyclotrons are shown in Table 6 and will be discussed for each nuclide separately with the aim to identify the possible role of proton induced reactions on Zr studied in this work. Nuclear reactions having low production yields, or resulting carrier added, low specific activity product are not included in the comparison. Table 6 ). Out of them only the 90 Zr(p,n) and 89 Y( 3 He,n) reactions on enriched targets give products with high radionuclidic purity, as by limitations of the incident energy, reactions leading to Nb radionuclides with lower mass number can be suppressed (Q-value of 90 Zr(p,2n) reaction is -17.002 MeV). In the case of natural Zr targets long-lived, higher mass Nb radionuclides are produced Zr-89g Konstantinov 1986 Figure 17: Integral yields for production of 95 Zr, 89 Zr, 88 Zr, 86 Zr deduced from the excitation functions
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1 Fig. 22 together with the data from the TENDL-2013 library. All of these reactions require highly enriched targets to obtain an end product with high specific activity and minimal contaminations. The 96 Zr(p,2n) reaction is the most promising, considering both the yield and the required accelerator energy. Fig.  23 and 24, the experimental data were taken from EX-FOR). Both reactions result in non-carrier added (nca) product and the yttrium has only one stable isotope. The (p,n) route hence seems to be the most beneficial, both in yield and the required accelerator characteristics. In principle 89 Zr can be produced carrier free indirectly by using Zr targets through the 90 Zr(p,2n) 89 Nb-89 Zr reaction. No experimental data are available for this reaction. The theoretical data from TENDL-2013 are shown in Fig. 23 . When considering integral yields the 90 Zr(p,2n) 89 Nb-89 Zr indirect production route is the most productive, but it requires highly enriched targets and only short irradiations are possible due to the short half-life of the isomeric states of the 89 Nb ( 89m Nb T 1/2 = 66 min, 89g Nb T 1/2 = 2.13 h) and the need to separate the Nb from the Zr target to obtain high specific activity NCA end-product. Fig. 10 and Fig.  27 (the experimental data for 89 Y were taken from EX-FOR). By using Zr target the production requires highly enriched 90 Zr material. In case of natural composition other long-lived Zr radioisotopes as 93Z r (T 1/2 = 1.61106 a) and 95 Zr T 1/2 = 64.032 d) are produced simultaneously, followed by Y decay product. In case 90 Zr target the 88 Y is produced directly, simultaneously with 88 Zr via (p,2pxn) reaction, which can be separated after EOB (the other Y radio-products are short-lived). Comparison of the two production routes shows, that the (p,2n) reaction on monoisotopic yttrium has advantages as no enriched targets ate required, and the required beam energy is lower up to 30 MeV (in the range of commercial medium energy cyclotrons).
Production routes of
Summary
We present experimental activation cross sections for production of 96 
Acknowledgements
This work was partly performed in the frame of the HAS-FWO Vlaanderen (Hungary-Belgium) project as well as in cooperation with the Tohoku University, Sendai, Japan. The authors acknowledge the support of the research project and the respective institutions in providing the beam time and experimental facilities. (Muminov et al., 1980) nat Zr cyclotron no chemical separation Ge (Li) 40-ZR-0(P,N)41-NB-90-M,TTY, 3 9-11 (Dmitriev and Molin, 1981) nat 1.6-5.7 2.8-5.7 2.8-5.7 1.6-5.7 (Levkovskii, 1991) 90 9.48-43.3 9.48-70.1 9.48-2570 9.48-70.1 9.48-2600 9.48-1600 9.48-2600 18.9-2600 54.4-2600 18.9-2570 9.48-156 9.48-2600 22.2-2570 (Busse et al., 2002) nat Zr 5-16.7 8.7-16.7 4.5-16.7 7.5-16.7 11-16.9 (Naik et al., 2014) nat Zr 
